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HESISTIVITI OF LATTICK VACANCIAL IN Guld

K. Midek and J. Foldk

Iastitute of _0lid wtate - h,sies
of the Caechoslovak Agademy of uciemnces,Frugue

Adstrast)

Resistivily measurwmeltls 6A pure ;0ld were perforaed at
high te peratures in oyuilibrium conditiocms. The resiativiy
inerensnt compared 1o the extrapclated low tesperature course
is eonnecte. xith am activation ener,, lying in the range
fres (.70 te 0,92 eve. The results arv ecapared with formes
experimental results amd the pesaibility is discussed to dis~
tiaguish bet.even the effect of vacancies end that of lattioe
vibri.tions.

INTIODLCTICH

For sems t.me there axiet a dlacrepency Letween the values
of astivation eneryy of lattiee vacang; formetion ia  o0ld de~
rived sither frem rajid (ueniliiag oxperiments or o uilibrimm
Righ temjerature data, Wwalstivityy smse.ureasnts after repid
uenching 1ed to vaiues iy ® 0.98 ev 1), and 0.93 ev d).
Calerimetrie otudy of (usnched=4iA Vacancies ia y0ld foils Wy
e oordbe 1) gave 0.97 ev,

In contrary W the (ueaching experiments the ectivatioa
energy derived from Al h temperatu:re ssasurensits of Meechan
and Eg. loston 4) was omly 0.67 ev ®), uhereas Gereriken 3)

—~
-,
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FPootnote: ®) Tr Kecchen reporte to us that Ur.G.H.kinchin at
Harvell, .angland, has pcinted out come arcijuity exioting ia
the analysis of the 4 old cata. If the expeiinsntsl point at
17 %C 14 14nored, & su;erior £it is obtained with the uad~
ratic expression at 1o« temperaturs. and by 18 ulightly less
than 1.1 ev. ®e ehall have epposrtunity o renind tiie faet
later (see page xxx).

found 0,71 ev. Comdimed dilutometric an. lattice parumeter
seasurenents vore projposed by Gercriken 6) and led te the for-
mation «mer,y G.74 ev., hecemtly lakamura 7) found from dilate-
astric messurexenis sxtirapolate. to sero diameter the value
Ce98 ev, :reciuve msasurvasnts of , and aa carried owt
on the same yare 5o0ld apecimen by Limnons and Balluff 8) led
to the activation emergyy C.94 av,

It s obviocus that Aif eremt methods  ive comparable re-
sults in jolc with exception of the equilibrium resiastivity
nessurements. In these measuremsnts the .hole resistivity im-
eremsnt has beea usually identified with the resistivity eof
oquilibrium vacancies. This ~es sericusly cruﬁod by Nicholas
$)e. Now t.0 (uestions arise: a) whether the lo» activatioa
enor.ies found 1A 4) and 5) are correct and O) uhat is the
contridution of lattiece vacaneies t0 this inervmeat. The.e are
inpertant guestions, for a good agreensat beteoen doth kinds
of meusursaents was achived in wluminium 10).

in the fol.osing we shall desciibe our experimenti. procec-
ure of resiastivity -W“ at m‘,n teaperatures, experi-

by

meatal results and their diccu»cion. _
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RXFEUIR-RTaA. FadlT

Gold wires of 0.1 ma dlameter supp.ied by cohneon a dutthey,
london ‘purity %:.9993), «ere u.ed as ¢;;vcimens. The wire (sbout
<) ca long) »as ~ound bifi..ery on a fvur-hole ca,iliary tudbe
nade of Ue uas.it {De ussa, Manau) und then plaec:d ia a tube made
of :intered corundum .uade in GDR) in an eluetrically heated
furnuce (see “1..l1). The potential ani current lesds were made

caption to Yi.ure l.:
Fig.l. txperimcntal as.sably: a .jecizen, b thersmoc.uple,

¢ jprotecting corunium tute, d cop,er or ,uld tude.

of the sane material us the .jpe¢ imen. -x,,,en' free nitro,en or
ar:on stea:lly flowed th:ovu.h the tube cuntaining the sjecimen,

Keusurexent. in ‘Le low tewper.ture ranize up to «JC °C were
carried . ut in @ otirre silicen oil buth (wilicon oil (i 4018/ 00
centipcisve, Val Chemiecery iunchrits, Go ), because the precias=
ion of the lon.“rtonper‘mrc asasuresents in the furnace ic¢ usual-
iy not hi_h enough.

Before the meacurcment the ujecim n was anneuled for some
hours in nitso, un st 17 ¢ °C. The rcelstunce of the sample was
checkes at O 9C both before and after the meusursments. oimilar-
1y a. in our previous mcasuri.ent: (net jet Wbunh-;) a steady
511 At re.ilutivit, increns- during the sta, at high temperaturea,
cals . partly by the chan e of jocrmet:rical dimension: e¢e.ge Cue
to evajpcration) ans jartl, by -ro.ing of the ia,urity coaveat
w_.s obeerves, ao‘ that the .ty at high teaperatures. ahould have
bDeeR as JhOrt as possibdle.
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The resist.nce of the asjpecimen -as measurei Wy comparing
1t .ith the normal resistors Metra .1 oha) by acun, of a S5=uial
ieasel~horet.tyre preciaioa potentivmetsr (ViB, GDBi). The tem-
persture of the sumple =as deterained by means of & ¥t ,Ft,Hh
10# thermocouple, wupi.iied by Heraueus .UFA) which wes ecalibrat-
od at veveral normal thermomstric points, iancludimg the geld
point. A Liesselhorstetype 5-dial potentiometer B=308 of Seviet
origin vas used for measuring the theramcelectrie ferce. The
thermooeuple vas placed neat te the surface of the supperting
ecapilliary tube.

RESULTS OF MIASOREMANTS

Several experiments in air, nitrogea and ariom were earried
out, ~ith sli,htly dif’ereat results, corresponding to ehangiag
experimental conditions. The reason for these differences was
the different coantamination of the specinens at high tenperet-
ures. For this pa,er .e have chosem cane of two asa.ureaeats
ear:ried out with the same saaple, the two being almost ideatie-
al. The recults of resistance measurvcunt «ith this sample are
sun.arised in Table I tegether «ith corrected and decuced val-
wes. For dilatatioa correetioa the valuwes of derived frem 8)
were used., Hefore the msasurement the resistanee of the sample
at 0 °C wae kg ® 0,44566 o after the acasurvaseat
Ry ® 0,42641 . In high temperature msasureacnts this imerease
1s Ot oA essential ome and auy be neglected,
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Table I.

Bxperimental results of the resistanes neasurement at high temperatures

]

——

t % ' N ¢ U o log /% +9

6.0 0.42566 2.2500 0.9160
2.3 0. 46206 2.4424 0.9175
34.1 0.51501 2.7237 09208
Q.2 0.56117 2.96%0 - 0.9234
104.7 0. 60146 3.1801 0.9257
128.2 " 64221 3.4000 0.928
156.9 0.69256 3.66M 09300
180.8 0. 73440 . 3.8909 0.9332
205.) 0. 77833 4.1253 " 0.9337
229.4 0. 82149 4.3538 6. 9380
233.0 0.86765 4.6029 0. 9404
278.4 0.91133 4.0063 0.9430
7.3 1.00220 9.5219 0. 9473
388.9 1.11008 $.9474 0.9539
43%.1 l.2002  6.4369 0.9586
4T4.4 1.20061 6. 8592 0.9627
$37.8 1.41062 7.9587 0.9693
9.1 . 1.9566 8.269 0.97%
643.6 1.6460¢ .12 Q.99
705.1 1.T8854 9.5474 0.909%
750.9 L.8409 15.1991 0.99%6
20.3 2.06499 31.059%¢ 1.0050
%7.6 2.18686 11,7236 1.0119
927.4 2.34735 12.99M1 1.0210

In this tadle theo valwe of - 4 2,25 u en has been adepted fep

the temperature 0 % .
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DISCUSIION OF RESULTS

hen we suppese that the Natthiessean’s rule aidd the Moty
~Jenes theery 2oM the resistiviy of & metal ot tanpesature ¥
aay o expreseed as & sun of three %esms, aamely ‘

ol AT Dedapl-RNT), Q)

are Ry 45 the resiftusl resistense dus %0 fLaguritioy eand obher
inperfections the conswatirstiisn of shich &5 not tempereture o=
pendent. The second torl Feprecents the latiice recdstiviy
8000rding 10 Nott and Jemss 11) amd Whe lest Sevm £ Gue S0
owilibrien vecancios. 18 pure metals B, By o8 7o tempar-
eture and adove it and therefore it can e saglected o when
nescssar; ncesured at helisn tespereture.

"heh plstting the dopendence of log (Ay/'T) frem the temper-
ature ve should got £ struight 1ine at lower Semperatures where
the last term 1s megligible. AS higher teaperstures & contadiud-
408 f equilideiun vasancics should sppear. The preceting anth-
e had sinplified this aothed wsing caly the twe fivet Sesus

3 of the extension of ap (2 £) and fitiing e quadestic ewrwe
68 lower temperetures and then entrepslating 18 % the Mghw
Senguvetures. The difference Botuwoed he exporinantel and Whe
xtrapelated valuse we than attridated 40 the ofYest of YasuRe

U0 have ales trisd %0 wse e quatvetis agpruninstien for the

txtrapelation sethed, Yt this proved Sa aeny cnete % bo 98

vary reliskie. The sethed of gmadrutis extyupslation wue seslous-
iy eriticised iy Riabdine ”.ﬁm&““b
iy of the relatien . - il :
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<4 1 pn = , =3
Ly riotting ln n.r,'l' a. a function of I, ae liave  hanju: thi. a
i1ittle u.ing ¢ insdteus of Rpe In this -a, & strai ht line zay

be ira.n in the temperature range from U to v °C. (rige « )

Cajtion t0 "i1gece!
Fide o it.peratur. dejencence of 1o | T’T) of ,o0ld: .a) ux-
yeri ental curve, (b) vitro,.iat.  ostrai,ht liine, .c) extrapol-

ated curve - siv 850 XXX).

At higher teu,cratures a cistinct deviuilon occu.s .nich is ob-
vicusly ‘ue ;a-tly to letiice vacancios and ;artl; tv the anhar-
maonicity, of .lattice vitrationi.

‘he slope 0f the straight part of ‘he cu ve jave
. -4
« ® g.3e x 10 .

«hen the Jo,urithm of the extru-resistivity T detornined as
the dif ‘vurence .etacen the experimentul umd ext:ia;0iatsd curve
15 piotted as a function of re.i,rocal tem,erature, the stiaijht

line .a) in “i,.) 1o obtained, giving an activation enerygy, V.70 ev,

Cujtion to Pig. 3.3

Fige 3. Vacuncy, foraaticn ener.s of Lold: (&) extre,v.ation by
strui ht iine, ap = v, 70 ev, (D) extrajc.ation by a cuive,

ip ® 0,80 ev, {e) quenching eaperiments of Bauerle und hoehler 1),

b' = U.s‘ eVe

Thiv s a,,mientl, of the sulRe UIGIT &8 iA ja;cr. 4) «0d 5). ‘OP

compariscn, the result of (uen hing expvrizent: b, Swucrle and
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Koehler 1) wre ;lotted in the .ame fi.ury .curve c)). In our
aeu-uresents the re_i_tivit, increment corres,.cniin, to the sume
vacancy concent.ation at 10 ¢ °C 1, ab. ut seven tiuvy lar,:r than
in quenclidng ex,eriment., and the ac:iv.ation eq.s J 1. subotoit-
fail, lowor,

wliev we Ynow the tom, erature de,sudvii e of T+ ~® ccuid
taiculate T or the stral ht Luit o the .ucve .a) T4 e,

but this cun ot be uped at hoglier tenperaturea, .)

Footnote: ™) o is constant up to Juu 0C, p wtewdlly rigse. ond
therfors -eCreduvs -1th the temper.ture, thou h uruneisea theo-
Iy ou,vaecd to be censtant.  imiier Jilasrevaunt u. foun. in

checkrin_ the va!itdit, of the rciastion iiT,'f re ln the teaper-~

9]

uture .an.: f.om . to 1u.C “C the value of . I.T/ar) is con-

stant .ithin about 1.1 only.

@ ust therefure luvk for wnother acthod of vxtlrupo.ating
the .cconc term im i) to hi her te. peraturc. bvar.ng in aind
that the increusec anharmcni: ity shoul: be .u.jected. In con-
~equence to the anharmini it, the .elye tosperature falis. Thi.

~ay be dvduced “rom the ielaution

IR ¥ A BT UR

taowin  the te- erutc.e¢ (o; .6 wnce of tiec AL, ¢ e Lerature, ¢
cLuld.. uetercine o arnd thuae the osiv,o of LCav <) in 1g. o
besun:- Lthe iincar regiun, but .e huve fiuns no wva Urdiaents of

®= T) for _vld. doreover it i. not certain .hethcr the ,recic=
lon of the.e zuacur-acnt.  erurecd dodea oy b, A=r., L. rad ue

sdad b uf it fOf Lul Ul oovae
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s@ have avoid:-d the lack of cxjerimental cata in the foliowing
/e +@ C.Dl suppcse the Grune. sch theor, aw e £irst uj, roaimation
and thusu

- 3
?/ r \V, / Vy) = ., ag) (3)

holds. T 'T aRC & are Debye temjeruture, volume anc lattice
parumater at teapersture T, reu;ectively. lniex r doanetes the
values at soac refervace Debye te perature ,r. In this ap, ro-
ximation the Gruncisen conatsnt is sup,cued to be comatunt and
equal to 3 . (The highest value of {a vur measurements is
é,8). LUuing the lattice paramster ex;ansion duts of .iwmons and
Balluf?i 8) we heve plottad the tempersturs de, cncence of log r
in Fig. 4. As referunce Denye teaperature T, = 136 °X taken from

Caption to 1ig. 4.
Fig. 4. Ten,erature dapendence of log o derived for = 3,

12) «as choeen. The poimts 1ie t1ll 50C °C on a straisht line,
the slope of which gives 2z = 4,7 x 10”4, This value 16 in
agreement with the value «,3 x 1074, derived from restastivity
saeasurcasnts. <2 is increasing at tezjvratures above 500 °c.
-0 have thus obtained the temperature dependence of (< )’ | V)
sup; ouing ori;inall, that 1s constant. Now «¢ aup;,ose thut the
slupe of the true lattice resistivity curve shou.d change in the
sume preportion as (2 ){ tn Tige 4 does. Then starting at the
end of the etraijht intervel of the curve (a) in Fig. . wne nyy
plot the curve .c), re,.resenting the lattice resletivit,. The re-

sistivit, incremunt mea.ure. from this curve leac. to the acti-
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vation .oer L, ® vein. ¥, . hlch 1. CiOuvi Lo the .vl. cota-
bif hedt foruution -n.ryy vuiuvs desiveo f£:om sUenching ox. eri-
xentu.

In const.ury to t 4. an cthes veiy .1llple 4, roach aa; be
used to f.0nd the lattice reafi.tivity it.elf. e cuanot prove
that <atthilessen s rule hol.. £0r vecancies at hih tes,vrate
Urve, DUt wé¢ can cu;, 0ue 1t Uegivcting an, tc , e¢ruture depend-
ent interacticn between defuct wiu iuttice ruesistivities. ihen
b, subra.ting the coajute. Tesletivity of e ullibrium vacancies
(1,9 94 ca per at.# vac.) froa the caxpuiim-ntel curve the true

datilce e fativity wiil be ohtalned.

S NCILLI NS

In reviewing W .or¥ on Wi h to , eruture ce fativit, of
501d, e -culd l:¥¢ to emjhacizec the foilioniny, puints:

‘he e,uiiidbrium z¢tho!. det.rmine the increment as & differe
ence Of L.0 lar e Y. uc. and cp. Of the Ve Uuey the extia,viuteu
‘Bu, 16 Dase oOn A u}. i1oximuiive theui, anu therefois not fu.ly
re.iable. 4150 the uenchin; duta cannot be Uased «ithout pre=
caution to .ipasuticn of the eflect of Vacancies, as they Lart-
1y depen: on (uencl.ing rate in cipetiments of Lauerie am.
Xochler 1) the doubliia, of cueachin: rate led 0 oi® incresse
of ¢xtra-ceuistivit, ). Je:iceo this the scettviing power of va.
canicles at iigh tey, eratu. eo Bay De uiffvrent frua that at low
te: purstures.

The vaiuer of resiutivit, increacnt stron,l, depend on the

precision o7 extis,oiation sutho. unt the lower ten, «ratures
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Tesistivity values are secicive. Therufore o hisher precision
4. neeced und this may be wccomplicheu b, msasuring in a liquid
bath. The extra,ciuiion mwethod projoascd b, Nicholus seexs 0
glve uu, erior -o.ults in couparison «~ith the QUadarstic ag;roxim-
ation. Lur method of extrapclation cdoes not solve the problea,
though its rusults are better than thosw of both precuding ae-
thode - the reaistivity inarvaent at 1ox %C e, ® 3 x 1077 3)
is alout 5 u cm) ak. 3 of vecancies. Also thu activation saergy
L' ® (.80 eV 4s neater to Le t:iue value, slixhtly lo.er thaa

1 ev. In fuct, «ithcut wn 1 pioved theory any extrapclatioa will
be a little aj.culative. Im;row. theor, anc hi _her acecurscy in
reslstivit, meu,uremsnts may Lelp to olve this problema.
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